Plants show various defense responses upon wounding. Surviving cells must perceive a "death message" from killed cells in order to start the signal processing that results in defense responses. The initial step in perception of the death message by a surviving cell was studied by taking advantage of the filamentous morphology of characean algae. A specimen comprising two adjoining internodal cells was prepared. One cell (the victim cell) was killed by cutting and any changes in the membrane potential of the neighboring cell (the receptor cell) were analyzed. Upon cutting the victim cell, at least one of three kinds of response were induced in the receptor cell: (1) slow depolarization lasting more than 10 min, (2) action potentials and (3) small spikes. The first of these response types, slow depolarization, was ubiquitous and is the focus of the present study. Two cell properties were essential for generation of this depolarization. (1) Presence of high cell turgor pressure was necessary. (2) The depolarization was generated only at the nodal end of the receptor cell, not at the flank. I concluded that the death message from the killed cell contains the information that turgor pressure has been lost. The mechanism by which this is translated into the slow depolarization of the receptor cell was discussed.
Introduction
Wounding induces various responses in plants, such as seismonastic movement, metabolic changes including gene expression, morphogenesis and induction of cell division. One of the earliest phenomena following wounding is the depolarization of membrane potential in cells close to the site of wounding. The size of the region displaying such an electrical response varies between plants, tissues or organs: e.g. it is 1 mm in barley roots (Mertz and Higinbotham 1976) , 5 mm in maize roots (Meyer and Weisenseel 1997) , 10 mm in pea epicotyl and 40 mm in cucumber hypocotyls (Stahlberg and Cosgrove 1994) . Such depolarizations do not propagate. On the other hand, action potentials and/or variation potentials propagate systemically upon wounding in many plants (Frachisse et al. 1985 , Fromm and Eschrich 1993 , Julien et al. 1991 , Julien and Frachisse 1992 , Rhodes et al. 1996 , Robin and Bonnemain 1985 , Robin 1985 , Stankovic and Davies 1996 .
It seems likely that cells near the site of wounding first perceive the "death message" and then induce various physiological responses. Even in the systemic response via propagation of action potentials or variation potentials in higher plants, the death message perceived by cells close to the wounding site should initiate the signal that initiates a cascade of responses to wounding. In higher plants composed of complex tissues, the overall response is inevitably complex, and includes responses from many different cell types. A simpler biological systems, such has two adjoining internodal cells, enables selective monitoring of the very early response by a cell adjacent to the killed cell.
Characean cells have been extensively used in the study of electrophysiological characteristics of plant membranes. Such cells have many advantages as material for electrophysiological analysis . Isolated single cells have generally been used in such studies, but characean cells have also been used in studies of cell-cell interaction, such as electrical characteristics of plasmodesmata (Reid and Overall 1992, Spanswick and Costerton 1967) , intercellular transport (Bostrom and Walker 1975 , Williams and Fensom 1975 , Box et al. 1984 , Ding and Tazawa 1989 , Kikuyama et al. 1992 , Shepherd and Goodwin 1992 , Schulte et al. 1994 ) and intercellular transmission of action potentials (Osterhout and Hill 1935 , Ping et al. 1990 , Sibaoka and Tabata 1981 . Blake (1979) , and Reid and Overall (1992) measured changes in electrical resistance of node upon excision of one cell from a pair of cells. In the present study, I prepared tandem cells consisting of internode-node-internode, and measured the change of electrical potential at the nodal end upon cutting one cell to elucidate the possible mechanism of electrical perception of "death message" by a surviving cell. Although three types of electrical response were induced in a cell when its neighbor was killed (slow and long-lasting depolarization, action potentials and small spikes), all receptor cells showed the slow depo-larization that forms the focus of the present study.
Materials and Methods
Chara corallina was cultured in an air conditioned room (25°C) as described previously . Specimens consisting of two internodal cells were prepared by removing neighboring internodal cells and branchlet cells with scissors. They were kept in artificial pond water (APW) containing 0.1 mM KCl, 1 mM NaCl and 0.1 mM CaCl 2 (pH about 5.6) at least 2 d before use. In experiments, one internodal cell (victim cell: V cell) was killed by cutting with scissors and the electrical response of the other internodal cell (receptor cell: R cell) was analyzed.
Experiments were performed in a chamber consisting of two pools, A and B (Fig. 1) . A specimen was mounted in the chamber so that the R cell was situated in the 1 mm groove in the partition that separates pools A and B. The R cell was sealed into the groove with white vaselin. The length of the partition between the two pools (L p ) was 10 mm. The potential difference between the two pools (E AB (= E A -E B )) was measured with agar electrodes which were connected to Ag-AgCl wire via 3 M KCl solution. E AB was amplified with an amplifier (Microelectrode Amplifier MEZ7101, Nihon Kohden, Tokyo Japan) and recorded using a chart recorder (VP-6358A, National Panasonic, Tokyo Japan). In another series of experiments, the specimen was mounted in the chamber so that the nodal complex was located in the grooved partition (Fig. 2) . The node was completely embedded in white vaselin. I made the assumption that the electrical response at the nodal end of the R cell reflected the measured E AB . Most experiments were carried out using APW buffered with 5 mM HEPES-Tris (pH 7.0). Occasionally, unbuffered APW (pH about 5.6), or APW buffered with 5 mM 3,3-dimethylglutaric acid-Tris (pH 4.5) were used. In most experiments, both pools were filled with the same medium.
The membrane potential (E m ) was measured using the Kanesthesia method (Shimmen et al. 1976) .
The intracellular osmolarity of internodal cells was also measured. An internodal cell was blotted with filter paper and the intracellular contents were then quickly squeezed out onto a disk of filter paper, using fingers. The osmolarity of the cell contents was measured using a vapor pressure osmometer (model 5520, Wescor Inc., U.S.A.).
Experiments were carried out at room temperature (23-27°C) under dim light (about 90 lux).
Results
After a specimen was mounted in the chamber (Fig. 1) , both pools were filled with APW of pH 7.0. The length of the R cell in the pool B (L B ) was about 5 mm. The cell membrane potential was allowed to stabilize for at least 20 min after specimens were placed in the chamber. Upon cutting the V cell with scissors, a large electrical response was observed in the R cell. An example of the most simple response is shown in the upper trace of Fig. 3 . A rapid positive-going change of E AB was induced first (arrowhead), followed by a slower response, also positive-going (arrow) which continued for more than 10 min. These changes in E AB correspond to the depolarization of the membrane in a part of the R cell situated in pool B. In some cells, the slow depolarization was overlaid by additional responses. For example, the middle trace of Fig. 3 shows generation of repetitive action potentials during the slow response. These action potentials were bipolar, suggesting that action potentials were propagated to the cell portion located in pool A. However, the slow component described above always occurred only in the positive direction, indicating that the slow response was not propagated to the portion of the cell in pool A. In other experiments (Fig. 3 , lower trace), small, repetitive positive-going spikes were generated during the slow response. Although the mode of response showed such variation between specimens, the slow response invariably occurred in all specimens. Thus, the present study was focused on this slow response. Preliminary experiments were carried out using 25 specimens of various cell lengths. The length of V cells ranged between 15 and 74 mm, and that of R cells between 41 and 90 mm. It was found that the amplitude of the slow response did not depend on the length of either R or V cells (data not shown). In all measurements, a specimen was mounted so that a younger cell (cell of apex side) became a victim cell. In preliminary experiments, it was found that the amplitude of the response was almost the same, when a specimen was mounted so that an older cell became a victim cell.
During the experiments, I noticed that the pH of the medium had an effect on the amplitude of the slow response. For example, large response was always induced in APW of pH 7.0. However, both small and large responses were observed in unbuffered APW (pH about 5.6). When further experiments were carried out in APW of pH 4.5, the amplitude of slow response further decreased still. This tendency is summarized in Table 1 (Experiments 1, 3 and 5).
In addition, I found that the amplitude of the slow response was dependent on the turgor pressure of cells. The intracellular osmolarity of internodal cells was 247±3 mOsM (n = 15). After mounting cells in the chamber, both pools were filled with APW (pH 7.0) to which sorbitol had been added at a final concentration of 200 mM. When the V cell was cut, a slow response was induced but this was of smaller amplitude (Fig. 4 , upper trace) than that found in APW alone. The mean amplitude of the slow response in the presence of 200 mM sorbitol was 67 mV; significantly smaller than 120 mV recorded in APW alone (Table 1 , Experiments 1 and 2). A similar tendency was also observed when experiments were performed in unbuffered APW (pH about 5.6). At this pH, mean amplitude of the slow response in the presence of 200 mM sorbitol was 10 mV; significantly smaller than 63 mV, the average value measured in unbuffered APW alone (Table 1 , Experiments 3 and 4). The amplitude of the slow response was also decreased by adding 200 mM sorbitol at pH 4.5 (Table 1 , Experiments 5 and 6). Thus, generally speaking, the amplitude of the slow response was drastically decreased both by lowering pH and by decreasing the cell turgor pressure. In the example shown in the lower trace of Fig. 4 (pH 5.6, 200 mM sorbitol), a slow component is hardly visible. Only action potentials and small spikes were observed.
These results suggested that the slow response may correspond to the depolarization of the portion of the R cell situated in pool B. This possibility was tested using the K-anesthesia method, where a cell is anesthetized by application of KCl at high concentration, and thereby loses its excitability (Shimmen et al. 1976) . Pool A of the chamber (Fig. 1) was filled with 100 mM KCl (pH 7.0) and pool B was filled with APW containing 180 mM sorbitol (pH 7.0). An action potential followed by a typical slow response was observed when the V cell was cut (Fig. 5, upper trace) . In another experiment, pool A was filled with APW/180 mM sorbitol (pH 7.0) and pool B with 100 mM KCl (pH 7.0). In this case, no response was observed at all when the V cell was cut (Fig. 5, lower trace) . These results unequivocally indicate that the electrical responses were induced in the portion of the R cell situated in the pool B. Therefore, I concluded that the slow response is essentially a depolarization of the cell membrane in the portion of the R cell that lies in pool B.
The length of the R cell in the pool B (L B ) was close to 5 mm in all the above experiments. However, it was found that the amplitude of the slow response was strongly dependent on L B . When L B was longer (about 20 mm), the amplitude of the slow response decreased to a mean value of 92 mV ( Table 2 , Experiment 1), compared with the mean value of 120 mV (Table 1, Experiment 1) for shorter L B (about 5 mm). L B was then shortened to its smallest practical length, approximately 2 mm. Whilst it is very difficult to precisely establish so short a length, L B was nonetheless significantly shorter than either L B described above. When L B was thus decreased to about 2 mm, the amplitude of the slow response increased (Table 2, Experiment 2). However, when 200 mM sorbitol was included in the medium, the amplitude of the slow response was decreased (Table 2, Experiment 3). Experiments were also carried out with a specimen mounted as shown in Fig. 2 . A very large slow response was observed in these experiments (Fig. 6, Table 2 , Number in parentheses shows number of specimens examined. Specimens were mounted as shown in Fig. 1. L 5 . 6 0 6 3 ±7 (17) 4 5 . 6 2 0 0 1 0 ±4 (7) 5 4 . 5 0 2 7 ±8 (5) 6 4 . 5 2 0 0 1 7 ±4 (5) Number in parentheses shows number of specimens examined. Specimens were mounted as shown in Fig. 1 . In experiments 4 and 5, specimens were mounted as shown in (Table 2 , Experiment 5). Taken together, the results suggested that the slow response is mainly generated at the nodal end of the R cell situated in pool B. Experiments were then designed to investigate whether the proton pump was involved in the observed results. Many authors, e.g. Keifer and Spanswick (1979) , Kishimoto et al. (1984) , have reported that DCCD inhibits the proton pump. First, experiments were designed to establish whether or not DCCD actually induced membrane depolarization. The Kanesthesia method (Shimmen et al. 1976 ) was used. A specimen was mounted in the chamber as shown in Fig. 1 (L B = 5 mm). For control experiments, pool A was filled with 100 mM KCl (pH 7.0), and pool B with APW (pH 7.0) to which sorbitol had been added, at a concentration of 180 mM. In experiments where the effect of DCCD was examined, 100 mM DCCD was added to both pools. After 60 min incubation, the resting membrane potential ((E m ) r ) was recorded, and the V cell was cut. In control specimens, the average value of (E m ) r was -216 mV and the amplitude of the slow response was 85 mV on average (Table 3 , Experiment 1). The amplitude of the slow response was rather small due to low turgor pressure (Table 1 ). The average value of (E m ) r of DCCD-treated specimens was -129 mV, indicating that the electrogenic proton pump was indeed inhibited by DCCD. The amplitude of the slow response in DCCD-treated cells was 52 mV in average (Table 3 , Experiment 2).
The effect of sudden decrease in the turgor pressure of the V cell was studied. A specimen was mounted as shown in Fig.  1 and both pools were filled with APW (pH 7.0). At a time shown with an arrowhead, the medium in the pool B was replaced with APW supplemented with 200 mM sorbitol (Fig.  7) . With a slight delay, E AB started to change in the positive direction. After a peak, it came back to the original level. At a time shown with an arrow, the V cell was cut and wounding responses were induced. In this specimen, an action potential was not induced during depolarization upon addition of sorbitol. In some cells, however, an action potential was induced during the slow response. The amplitude of the slow response induced by addition of sorbitol was 82±11 mV in average (n = 7). Fundamentally the same results were obtained when APW supplemented with 250 mM sorbitol was used to lower the turgor pressure of the V cell. However, an action potential was generated in parallel with the start of the slow response, and it was difficult to analyze the amplitude of the slow response.
Discussion
Plants show various physiological and biochemical responses to wounding. These responses may be localized to the site of wounding or they may occur systemically, in which case the entire plant may show a response. In any case, it is apparent that the initial step of perception of "death message" occur in cells located close the victim cells. It is almost impossible to analyze the response of individual cells to the death of neighboring cells in higher plants composed of complex tissues. Since the Characeae are morphologically simpler and consist essentially of files of large internodal cells, it is comparatively easy to measure changes in E m of a single cell in response to the death of the neighboring cell. By taking advantage of the filamentous construction and large cell size of Charophyte, I have succeeded in analyzing the change in E m of an internodal cell (R cell) responding to the death of the neighboring internodal cell (V cell). Upon cutting the V cell, three kinds of electrical responses were induced in the R cell; slow response, lasting more than 10 min, action potentials propagated in the longitudinal direction of the R cell, and small pikes. Since the slow response was induced in all specimens examined, I focused my attention to this response (Fig. 3) . The experiments shown in Fig. 5 indicated that this slow response is a membrane depolarization generated at the part of the R cell Table 3 Effect of DCCD on resting membrane potential ((E m ) r ) and amplitude of slow response (DE) Numbers in parentheses show number of specimens examined. Specimens were mounted as shown in Fig. 1. L B was 5 mm. Experiment 1, control. Experiment 2, 100 mM DCCO.
Experiment
(E m ) r (mV)
Depolarization induced by addition of sorbitol to the external medium of V cell. A specimen was mounted as shown in Fig. 1 and both pools were filled with APW (pH 7.0). At a time shown with an arrowhead, the medium of the pool B was replaced with APW supplemented with 200 mM sorbitol (pH 7.0). At a time shown with an arrow, the V cell was killed by cutting. situated in pool B (Fig. 1) . The result suggested that the R cell generated the slow depolarization after perceiving the "death message" from the V cell. But what constitutes the "death message"? Osterhout and his coworkers extensively studied the "death wave" (Osterhout and Harris 1929a , Osterhout and Harris 1929b , Osterhout and Hill 1931 in Nitella. They monitored an electrical signal at the surface of a single internodal cell. When the cell was cut at one end, the electrical "death wave" was found to travel along the cell. Since such a "death wave" should thus arrive at the nodal end of the cell, it seems likely that the arrival of the "death wave" at the nodal end of the V cell (i.e. loss of E m in V cell) could induce the depolarization of the R cell. However, the results of the present study suggest that the "death message" to induce the slow depolarization consists of a loss of turgor pressure rather than an electrical "death wave". The addition of 200 mM sorbitol to the external medium resulted in a significant decrease of the amplitude of the response (Table 1 , 2). However, (E m ) r more negative than -200 mV can be maintained and action potentials are normally generated upon stimulation in the presence of 180 mM sorbitol (Shimmen 1996 , Shimmen 1997a , Shimmen 1997b , Shimmen 1997c . Whilst the electrical "death wave" (essentially, the loss of E m ) may occur normally in the presence of sorbitol, the results show that the amplitude of the depolarization is significantly decreased. Cell turgor pressure should significantly decrease in the presence of 200 mM sorbitol. Thus, the "death message" to induce the slow depolarization is unlikely to consist of the loss of E m , but rather consists of the information that turgor pressure has been lost in the V cell. To further confirm this possibility, I decreased the turgor pressure of the V cell by adding sorbitol to pool B. Lowering the turgor pressure of the V cell induced a transient change of E AB to the positive direction (Fig. 7) . However, I cannot conclude that this response was induced at the nodal end of the R cell in the pool B by lowering of the turgor pressure of the V cell. In the presence of a difference of osmolarity between two pools, transcellular osmosis is induced. It has been reported that osmosis induced membrane depolarization in Nitella flexilis (Hayama and Tazawa 1979) . Thus, the possibility remains that this depolarization (Fig. 7) was induced by osmosis across the membrane.
In Fig. 4 , action potentials were induced without generation of a significant slow depolarization in the presence of sorbitol. Therefore, a possibility is suggested that "death message" other than loss of the turgor pressure induced action potentials. When an action potential reached a nodal end of an internodal cell, it sometimes induced an action potential of the neighboring internodal cell (Sibaoka and Tabata 1981) , suggesting that loss of the membrane potential of the V cell induced action potentials in the R cell. Thus, loss of the membrane potential of the V cell might be another "death message" to induce action potentials in the R cell.
When the V cell was killed, intracellular contents should be released, including K + which strongly affects E m . To examine this possibility, the V cell was cut under continuous perfusion of the pool B. However, fundamentally the same results were obtained (data not shown), indicating that release of contents of the V cell is not a main cause of slow depolarization. A series of experiments showed that the slow depolarization is generated at the nodal end of the R cell. I suggest that the effect may be localized to the plasma membrane of the R cell where it abuts the nodal complex. The situation can be more easily visualized in the similar filaments of Spirogyra. In this organism, the cylindrical cells are directly connected longitudinally, without an intervening node. The cross wall between cells of a filament is flat due to balancing of turgor pressure between neighboring cells. However, when one cell of a filament is cut, the distal end of a new terminal cell becomes convex, due to loss of turgor pressure of the cut cell (Nagata 1973) . Despite the more complex morphology of the interface between the nodal complex and internodal cells of Chara, a similar situation can be imagined. Thus, stretching of the membrane may occur at the nodal complex. Off course, it is possible that the membrane depolarization occurred at the plasma membrane of nodal cell, and/or that of the internodal cell.
The mechanism by which membrane depolarization can be induced by membrane stretching remains unresolved. However, the presence of stretch-activated ion channels in plant cell membrane has been reported by a number of researchers (Cosgrove and Hedrich 1991 , Falk et al. 1988 , Ding and Pickard 1993a , Ding and Pickard 1993b , Ding et al. 1993 . The plasma membrane of Chara is also equipped with mechanosensitive ion channels, and furthermore, activation of such ion channels induces membrane depolarization resulting in receptor potentials (Shimmen 1996 , Shimmen 1997a , Shimmen 1997b , Shimmen 1997c ). This immediately suggests the possibility that membrane stretching induces the depolarization via activation of mechanosensitive ion channels. This does not exclude another possibility, that plasmodesmata are involved. One layer of nodal cells are intercalated between internodal cells and these cells are connected by plasmodesmata (Spanswick and Costerton 1967 , Franceschi et al. 1994 , Ogata 2000 . When the V cell was cut, the symplast could become open to the external medium through plasmodesmata, leaving the plasma membrane at the nodal end of the cell potentially vulnerable to developing an indiscriminate leakiness, resulting in loss of E m . However, it has been reported that plasmodesmata are closed when a turgor pressure gradient was applied across the nodal complex (Cote et al. 1987, Ding and Tazawa 1989) . Reid and Overall (1992) found rapid increase of electrical resistance of node upon excision of one cell from a whorl cell pair. These reports suggest that the plasmodesmata had been closed upon cutting the V cell. However, the possibility remains that the plasmodesmata is concerned, at least, with the initial step of the membrane depolarization in the R cell upon cutting the V cell.
The variation potential is reportedly generated by inhibition of the electrogenic proton pump (Julien et al. 1991 , Julien and Frachisse 1992 , Stahlberg and Cosgrove 1996 . Inhibition of proton efflux upon wounding has been also reported in higher plants (Chastain and Hanson 1982, Gronewald and Hanson 1980) . For this reason, the effect of DCCD on the generation of depolarization was analyzed. DCCD extensively depolarized (E m ) r but a significant depolarization response was still induced after wounding. It seems that the electrogenic proton pump is not playing a central role in the slow membrane depolarization that reflects perception of the "death message". The smaller response in the presence of DCCD could be due to the less negative (E m ) r (Table 3) rather than any real effect on perception of the "death message". Again, the smaller response at lower pH (Table 1 ) might be due to the less negative (E m ) r (see Kawamura et al. 1980) .
In this study, I succeeded in analyzing the initial response to the "death message" by taking advantage of the filamentous morphology and large size of Charophyte. The "death message" is likely to consist of the information that turgor pressure has been suddenly lost by the V cell. Elucidation of the ionic mechanism by which the depolarization occurs is a primary target of future research. Wound-induced generation of action potentials has been reported in higher plants, and analysis of the action potentials induced by wounding in Chara is also a target of this research, since the ionic mechanism by which of action potentials are generated has been extensively studied in the Characeae.
